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Three driving forces control the energy level alignment between transition-metal oxides and organic materials: 
the chemical interaction between the two materials, the organic electronegativity and the possible space charge 
layer formed in the oxide. This is illustrated in this letter by analyzing experimentally and theoretically a 
paradigmatic case, the TKUQ 10) / TCNQ interface: due to the chemical interaction between the two materials, 
the organic electron affinity level is located below the Fermi energy of the n-doped Ti02. Then, one electron is 
transferred from the oxide to this level and a space charge layer is developed in the oxide inducing an important 
increase in the interface dipole and in the oxide work function. 


Hybrid materials that contain interfaces between transition 
metal oxides and organic species exhibit very promising prop¬ 
erties for applications in devices like solar cells, light emitting 
diodes, fuel cells or thin films transistors. In particular, the 
easy injection of charge between the oxide and the organic, 
which depends critically on the barriers formed at the inter¬ 
face between the two materials, plays a very important role in 
the good efficiency of those devices.® 

A large amount of work has been undertaken in an effort 
to understanding the energy level alignment between different 
metal/organic and organic/organic interfaces.® In contrast, 
very few studies have analyzed the energy level alignment 
at the interface between transition metal oxides and organic 
semiconductors. In a recent work, Greiner et al. ® analyzed a 
variety of non-reactive oxide/organic interfaces and concluded 
that the energy level alignment is determined by one driving 
force: the electron chemical potential equilibration between 
the oxide Fermi level and the organic ionization energy. On 
the other hand, Xu et al. n have conclusively shown that a 
second driving force is the oxide doping and the concomitant 
formation of a space charge layer upon the interaction with 
the organic material; for strongly n-doped oxides, like ZnO or 
Ti02, this mechanism is particularly important when the or¬ 
ganic affinity level is located below the oxide Fermi level, as is 
the case of F 4 TCNQ physisorbed on a H-saturated ZnO(OOOl) 
surface . 11 In this letter we show that a third driving force, the 
chemical interaction between the oxide surface and the or¬ 
ganic material, favors the charge transfer between the two ma¬ 
terials and thus plays a fundamental role for the energy level 
alignment in oxide/organic interfaces. 

In order to understand how the chemical interaction deter¬ 
mines the oxide/organic energy level alignment, we have an¬ 
alyzed in this work the particular case of the TiC>2 / TCNQ 
interface; TiC>2 is one of the most extensively studied sub¬ 
strates for organic devices 12 ®, while TCNQ (tetracyanoquin- 



FIG. 1. (color online) (a) Valence and conduction band spectra mea¬ 
sured using UPS and IPS, respectively, of the clean TKUQIO) sur¬ 
face and of the same surface saturated with TCNQ. The zero of en¬ 
ergy is chosen as the position of the Fermi level, (b) Secondary elec¬ 
tron cutoff determination using the full width of the emitted photo¬ 
electrons. 


odimethane) is an organic molecule frequently used due to its 
very electronegative properties 1 ®?, showing a strong chemi¬ 
cal interaction with the substrate. We can expect that an im¬ 
portant chemical interaction and charge transfer should ap¬ 
pear between the two materials, which should affect the inter¬ 
face barrier formation as well as the creation of a metal oxide 
space charge. In the following we shall prove experimentally 
and theoretically that this charge transfer is extreme with one 
electron being transferred from the oxide to the LUMOtcnq 
level. Our results are compatible with an important increase 
in the interface barrier and in the metal oxide work-function. 
We shall also show that the chemical interaction between the 
oxide and this very electronegative organic material plays an 
important role in the creation of that charge transfer and in the 
formation of an oxide space charge. All these effects should 
be considered as an important ingredient in the design of de- 
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FIG. 2. (color online) (a) O Is and (b) Ti 2p core levels of the sub¬ 
strate before and after TCNQ adsorption. A clear peak displacement 
is observed for both core levels and attributed to upward band bend¬ 
ing. (c) Energy diagram obtained from the data shown in Figures [T] 
and [2] 


vices with very electronegative organic materials. 

A TiO2(110) single crystal surface prepared in ultra-high 
vacuum (see Supplemental Material (SM) for further details) 
and exposed to TCNQ was found to saturate at room tempera¬ 
ture to a coverage referred to as monolayer coverage (ML) in 
the following work. The valence and conduction band spec¬ 
tra of the clean and TCNQ-exposed Ti0 2 , measured, respec¬ 
tively, using UPS and IPS are displayed in Figure[lja). On this 
figure, the zero of energy is defined as the Fermi level, so that 
the occupied states are characterized with a negative energy 
and the unoccupied state with a positive energy. The valence 
band of the pristine Ti 02 (l 10) surface originates mainly from 
O 2p states, while the conduction band is composed of Ti 3d 
states. A linear fit of the sharp band edges to the background 
of the spectra indicates a valence band maximum at -3.5 eV 
and a conduction band minimum at 0.1 eV, resulting in a 3.6 
eV gap for Ti0 2 . The position of the Fermi level, only 0.1 eV 
below the conduction band, is indicative of the strong n-doped 
nature of the UO 2 crystal. Upon TCNQ adsorption, molecu¬ 
lar states are appearing both in occupied and unoccupied states 
as seen in Figure [TJa). These molecular states cannot be inter¬ 
preted in terms of the molecular signature of an intact TCNQ 
molecule. In contrast, the valence band (VB) and the conduc¬ 
tion band (CB) spectra of a TCNQ multilayer grown at 230K 
on a metal substrate (shown in SM) can be directly compared 
to the DOS calculated for a TCNQ molecule. This indicates 
that TCNQ is strongly affected by the presence of the UO 2 
surface. Particularly important for this study, the first occu¬ 
pied molecular states are found within the gap of Ti0 2 , 1.5 
eV below the measured Fermi level, as indicated by the ar¬ 
row in Figure [lja). In the unoccupied states, broad molecular 
features, superposed upon the contribution of the strong Ti 3d 
state of the Ti0 2 substrate CB, prevent a clear determination 
of the unoccupied frontier molecular states. 

The position of the vacuum level of the system has also 
been measured for the clean and TCNQ exposed TiO2(110) 
surface, using the position of the secondary electron cutoff 
(SECO) of the total spectra of emitted photoelectrons shown 


in Figure [ljb). An energy separation of 13 eV (delimited by 
the arrows) is measured between the VB edge and the SECO 
of the clean TiO2(110) surface. With a photon excitation en¬ 
ergy of 21.2 eV and a measured gap of 3.6 eV, the electron 
affinity for the TiO2(110) surface is found to be 4.6 eV. For 
the TCNQ-saturated Ti02 surface, the distance between the 
first occupied molecular states and the SECO (delimited by 
the arrows) is measured to be 13.8 eV, resulting in a distance 
of 7.4 eV between that first occupied molecular state and the 
VL (vacuum level) of the molecule (see Figure [2jc)). 

Figure [2] shows XPS spectra measured on the clean and on 
the subsequently saturated TiO2(110) surface. In Figure SI 
(see SM) large scale survey scans indicate that, as expected, 
only C Is and N Is core levels are added to the initial Ti 2p 
and O Is core levels belonging to the surface (see Figure SI 
in SM). The molecular coverage can be evaluated by compar¬ 
ing the relative ratio of C Is and Ti 2p core levels to no more 
than a monolayer. Upon TCNQ adsorption, a noticable shift 
of the TiC >2 surface core levels is observed as shown in Fig¬ 
ure [2f a) and Figure [2|b). Both the O Is and Ti 2p core level 
spectra are found shifted toward the Fermi level by about 0.2 
eV after TCNQ adsorption. Such behavior is interpreted as an 
upward band bending at the surface of the Ti0 2 substrate, due 
to charge reorganization at the Ti0 2 / TCNQ interface. This 
band bending and the interface VL shift shown in Figure [2jc) 
are indicative of a strong electron charge transfer from the ox¬ 
ide to the molecule. This is analyzed theoretically in the fol¬ 
lowing. 

We have analyzed theoretically the Ti0 2 / TCNQ interface 
by means of a local-orbital Density Functional Theory (DFT) 
approach (see section 2 in SM). In a first step, we have consid¬ 
ered the T=0K case and analyzed the interface geometry ne¬ 
glecting van der Waals interactions due to the strong covalent 
bond between the molecule and the oxide. In a second step, 
the electronic properties of the interface, including the Ti0 2 / 
TCNQ level alignment and charge transfer, are calculated in¬ 
troducing appropriate corrections in the DFT calculatio n 16 l 17 ! 

Lattice vectors and unit cell for the periodic DFT calcu¬ 
lation are shown in Figure [ 3 ] (a= 13.2 A and b=15.0 A). The 
TiO2(110) surface is represented by a slab with 5 layers and 
the TCNQ adlayer is placed on one side of the slab; thus, 
there are in total 360 atoms per unit cell including the TCNQ 
molecule. The Brillouin zone (BZ) has been sampled by 
means of a [2x4x1] Monkhorst-Pack grid®, guaranteeing a 
full convergence in energy and electronic density. In our cal¬ 
culations for the interface geometry, we have started with a 
perfectly flat TCNQ molecule and have applied a dynamical 
relaxation procedure to obtain the most stable chemisorbed 
state. Our DFT calculations show that the TCNQ molecule 
forms strong covalent bond with the TiO2(110) surface. Af¬ 
ter several initial positions of the molecule on the oxide unit 
cell, we have obtained the relaxed interface geometry shown 
in Figure 3: TCNQ is deformed by its interaction with the 
oxide, with the N atoms strongly bonded to O and Ti; while 
the mean distance from the central part of the molecule to 
the O-first layer is 3.20 A, the N-0 and N-Ti distances are 
around 2.8 A and 2.87 A, respectively. The unit cell size defin¬ 
ing the molecule-molecule distance has been fixed assuming 

















3 


4.5 A 


A 



J 2 05 A 


1 

1.2 A 




FIG. 3. (color online) Surface geometry for the TiO2(110) / TCNQ 
system. 


a good matching between the oxide and the adsorbed TCNQ- 
structure; we stress that these distances are similar to the ones 
found in other TCNQ-interfacei®' 21 ! 

For organic materials, it is well-known that in standard DFT 
calculations the Kohn-Sham energy levels do not properly de¬ 
scribe the electronic energy levels of the system so that trans¬ 
port gaps are usually too small' 7 '® 17 . For example, the exper¬ 
imental gap between the ionization and the affinity levels of 
the gas-phase TCNQ molecule is around 5.3 eV, while the en¬ 
ergy gap between the Kohn-Sham HOMO and LUMO levels 
in LDA (or in GGA) calculations, Eg DA , is 1.65 eV 22 ^2. This 
problem is related to the molecule self-interaction energy as 
described by the molecule charging energ}) 7 , U, that for the 
gas phase molecule is: U mo i=3.65 eV. 

In the case of the organic-oxide interface, electron correla¬ 
tion effects (dynamical polarization) reduce the charging en¬ 
ergy of the molecule at the interface from U mo1 to U (and its 
energy gap E g from Eg DA +U mo1 to Eg DA +ujSI. Following pre¬ 
vious works 7 ^ 27 ^, we can account for those effects in a prac¬ 
tical and simplified way by introducing the following operator 
in the DFT calculation: 

Or S ° r = £{(e + I + (e - (1) 

Hv “ * - 

| Hi) and | Vi) being the empty (occupied) orbitals of the iso¬ 
lated molecule (with the actual geometry of the molecule on 
the surface). Using this operator, we can fix with U the initial 
value of the HOMO-LUMO gap (Eg DA +U), and with e its rel¬ 


ative position with respect to the oxide conduction band edge, 
which is not well described in conventional LDA calculations 
either. This is reminiscent of the “shift and stretch” proce- 
dure 2 I!used to correct the DFT-DOS calculations. Although in 
our calculations the oxide energy gap is 3.0 eV instead of the 
experimental value of 3.6 eV, we define an appropriate initial 
alignment between the conduction band edge and the organic 
LUMO level, since we are interested in the possible charge 
transfer from the conduction band of the n-doped oxide to the 
organic LUMO level. 

Due to dynamical polarization effects, we reduce 
U mol =3.65 eV to U=1.95 eV, and take E g =3.6 eV for an iso¬ 
lated molecule adsorbed on Ti0 2 . This energy gap is similar 
to, but a little larger than, the one found for the Au / TCNQ 
interface due to a smaller screening of the oxide in compar¬ 
ison with that of the metal surface. As discussed below, in our 
LDA calculations for th e full TCNQ-monolayer , we find U°, 
the charging energy that incorporates the interaction between 
molecules, to be 2.25 eV in good agreement with the value 
of U=1.95 eV taken here for an isolated molecule on the sur¬ 
face 19 . On the other hand, e is taken to yield the initial LUMO 
level (before the contact with the oxide is established) at 5.0 
eV from vacuum, a value which is close to the one deduced 
from a TCNQ multilayer on Cu (4.4 eV with a broadening of 
0.6 eV, see figure S2) if the energy gap is reduced symmet¬ 
rically around the mid-gap to 3.6 eV, and chosen to yield a 
better agreement with experiment (Figure |5p. 

Figure |4ja) shows the UO 2 / TCNQ level alignment for 
T=0K as obtained in these calculations. The initial LUMO 
level is located 0.4 eV below the conduction band edge, Ec, 
but its final position is 1.9 eV below Ec. This LUMO level 
shift is due to two effects: (a) a the strong oxide-molecule 
hybridization, inducing a shift of 1.6 eV to deeper binding 
energies; and (b) an electrostatic dipole of 0.10 eV pushing 
the LUMO level upwards due to charge rearrangement upon 
hybridization; this dipole is partially due to a distortion of 
the molecule, V mo1 (eV mol = -0.50 eV) and to charge transfer, 
ycharge ( e ychar g e_Q e y^ -phe result of the hybridization and 
the total electrostatic dipole is a downward displacement of 
the empty LUMO level with respect to its initial position of 
1.50 eV, yielding a LUMO that is 1.9 eV below the conduc¬ 
tion band. 

This energy level alignment suggests that, at room temper¬ 
ature and for E C -E F =0.1 eV (n-doped UO 2 ), there should be 
a strong thermally excited charge transfer from the oxide to 
the LUMOtcnq (called LUMO’tcnq)- This transfer of charge 
should create an important electrostatic potential at the inter¬ 
face with two contributions: a surface potential, Vbl, due to 
the space charge layer in the oxide extending a distance of a 
Debye length, L D , into the crystal (see Figure [4]}), and an in¬ 
terface potential due to the negative charge in the LUMO’tcnq 
level (Q in electron units) and the opposite positive charge in 
the oxide (-Q). The space charge (or boundary layer BL) po¬ 
tential, V(z), can be analyzed classically with Poisson’s equa- 
tioiP 


2 d 2 {eV/k B T) 
D dz* 


[ e -eV/fc B r _ j] 


( 2 ) 
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FIG. 4. (color online) (a) T 1 O 2 / TCNQ interface alignment for 
T=0K; (b) Idem for RT , showing the oxide band-bending. 

where = eksT/Airen\ n being the electron charge density 
for the n-doped oxide material. In our calculations n^lO 19 
cm -3 , e «120 for the oxide (110) crystallographic direction, 
and L d ^50 A. On the other hand, the surface potential, V B l> 
can be approximated by Vbl = ^irQeL^/eA, A being the 
surface area per TCNQ molecule (around 200 A 2 ), so that we 
have: eV B L/Q ~0.27 eV; this value is compatible with our 
measurements for the shift of the Ti core levels near the sur¬ 
face taking Q=1 (see Figure[2]). As the Debye length is around 
50 A, photoemission experiments sample only a small fraction 
of the boundary layer and the effect of the space charge on the 
organic / oxide alignment is to displace both the oxide surface 
layers and the organic levels to positive energies. 

On the other hand, due to the charge transfer, Q, between 
the oxide and the LUMO’tcnq level, there should appear a 
shift in the molecular levels given by eV s =U°Q. Due to this 
effect, the TCNQ levels are shifted upwards, for Q=l, by U°, 
which we find to be around 2.25 eV: this quantity is calculated 
as the derivative of eV charge with respect to the charge transfer 
(in electron units), quantities which are obtained by introduc¬ 
ing a fictitious shift, A, to the TCNQ molecular levels (see 
figure S3 in SM). 

We analyze how that induced potential, V s , modifies the 
organic / oxide alignment by making use of the previous cal¬ 
culations for the case T=0K: the idea is to introduce in this 
approach an external shift, Ao, to the TCNQ-levels which 
simulates the effect of that induced potential, V s . This im¬ 
plies taking Ao=2.25 eV for the TCNQ levels, and recalcu¬ 
lating with this shift the new organic / oxide realignment 31 . 
Figure [ 4 J 5 shows our results for the organic / oxide alignment 
after introducing this A 0 -shift. The first point to realize is that, 


in this case, the LUMO’tcnq level is still 1.25 eV below the 
conduction band edge, to be compared with the experimen¬ 
tal value of 1.8 eV (1.6+0.2 eV, see Figure [2]:); this indicates 
that the charge transfer to the LUMO level is one electron, 
as mentioned above. The 1.25 eV value for (E c -LUMO) is 
the result of a strong chemical shift of 2.05 eV and of a new 
induced interface dipole of 1.05 eV, associated with the elec¬ 
tron charge transfer from the molecule to the oxide, which 
tends to oppose the A 0 -displacement. Notice that these ef¬ 
fects change the oxide work-function by 1.20 eV (as yielded 
by the molecule charging energy, A 0 , and the induced inter¬ 
face dipole of 1.05 eV); including the boundary layer potential 
of 0.27 eV, we find a work-function change of 1.47 eV, in rea¬ 
sonable agreement with the experimental evidence of 1.2 eV. 

We finally mention that a second TCNQ layer (or a multi¬ 
layer) would feel an important realignment with respect to the 
oxide because the chemical shift of 2.05 eV, associated with 
the interaction between the oxide and the TCNQ first layer, 
should disappear; at the same time, we can expect an increase 
of the oxide energy gap to around 5.1 eV which would also 
shift the LUMO’ tcnq level by 0.75 eV (1/2 of the change in 
the energy gap) to higher energies. These two effects should 
shift the LUMO’tcnq level from 1.25 eV below E c to 1.55 
eV above, indicating that only the first TCNQ layer would de¬ 
velop a strong accumulation of charge. 

In conclusion, we have shown that there is an important 
charge transfer between UO 2 and the TCNQ monolayer, with 
one electron filling the LUMO level of the organic molecule. 
This is strongly suggested by the experimental evidence show¬ 
ing that, upon the deposition of a TCNQ monolayer on T 1 O 2 , 
a space charge in the oxide is formed and that an important 
increase in the oxide work-function appears. Our theoretical 
analysis, based on a combination of a DFT approach and a 
calculation of the space charge layer potential, supports this 
interpretation and shows the important role that the oxide / 
organic interface chemistry, as well as their electron chemi¬ 
cal equilibration and the oxide space charge layer, have in the 
barrier formation. Our results are tantamount to the formation 
of an electron accumulation in the first organic layer; although 
this strong accumulation of charge can be expected to disap¬ 
pear for successive layers, this effect should be considered as 
an important ingredient for tuning devices having those com¬ 
ponents. 
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the organic energy levels (a reasonable approximation for a non¬ 
magnetic material), and the new geometry that the correspond¬ 
ing charge transfer might induce in the system. This effect should 
probably increase the oxide/organic interaction, controlled mainly 
by the bonding between the organic N-atoms and the oxide, and 
should modify slightly 11 the results of this work without changing 
its main conclusions. 


20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 


